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) confers a general affinity for single-stranded RNA. Here, we have probed Nup153 RNA recognition to decipher how this unique RNA binding domain discriminates between potential targets. We first mapped the binding determinant within an RNA fragment that associates relatively robustly with the Nup153 RNA binding domain. We next designed synthetic RNA oligonucleotides to systematically delineate the features within this minimal RNA fragment that are key to Nup153 RBD binding and demonstrated that the binding preferences of Nup153 do not reflect general preferences of an mRNA/ssRNA binding protein. We further found that the association between Nup153 and a cellular mRNA can be attributed to an interaction with specific sub-regions of the RNA. These results indicate that Nup153 can discriminate between mRNA and other classes of RNA transcripts due in part to direct recognition of a loose sequence motif. This information adds a new dimension to the interfaces that can contribute to recognition in mRNA export cargo selection and fate.
Nuclear pore complexes are macromolecular structures that bridge the inner and outer nuclear membranes to form a channel for nucleocytoplasmic traffic (1) (2) (3) . Recent molecular characterization of pore complexes has revealed that they are comprised of only ~30 different proteins (4, 5) , with multiples of eight copies of each protein forming the 8-fold symmetric structure characteristic of the NPC. A small number of nucleoporins is restricted in localization to either the nuclear or cytoplasmic side of the pore, and their skewed distribution contributes to distinct features on each of these faces: the nuclear basket structure and the cytoplasmic filaments.
The observation that repetitive arrangement of a relatively limited number of proteins creates the elaborate pore structure suggests that each nucleoporin carries out multiple tasks, from providing structural scaffolding to contacting diverse cargo-receptor complexes as they transit through the pore.
The paradigm of multifunctional pore components is well illustrated by the nucleoporin Nup153. This pore protein plays roles in both import and export pathways (6) (7) (8) (9) (10) (11) . Consistent with this, Nup153 interacts with various transport receptors (7, (12) (13) (14) (15) (16) (17) (18) , as well as with specific cargo (6, 10) . Nup153 has also been found to be essential for the localization of other pore components (19) , and is specifically thought to anchor the basket constituent TPR (20) . Somewhat paradoxically, Nup153 has been shown to be dynamically localized to the nuclear pore (21, 22) . This apparent contradiction -as well as the multiple roles implicated for Nup153-may be reconciled by the presence of distinct populations of this pore protein. Indeed, an analysis of Nup153 mobility indicated that a fraction of Nup153 is stably associated with the pore [(22) , see also (21) ]. To understand the various interactions that Nup153 can engage in to carry out its multiple roles, we previously probed this protein for RNA binding ability and consequently mapped a novel RNA binding domain to the unique N-terminal region of Nup153 (23) . We further found that singlestranded RNA preferentially associates with this region (23, 24) , suggesting that mRNA cargo en route to or through the nuclear pore may contact Nup153 both directly as well as through proteinprotein contacts with mRNA-associated proteins.
In our previous study, we found that both full-length Nup153, as well as the Nup153 RBD in isolation, bound non-discriminately to several mRNAs when tested in an in vitro binding assay (24) .
Heterogeneity in binding ability was observed only among mRNA fragments of 150 nucleotides or less. While this pointed toward an influence of length on recognition, we established that length alone was not the determining factor as structured RNAs, even if greater than 150 nucleotides, do not bind to the Nup153 RBD. To understand what targets an RNA for recognition by Nup153, and ultimately how and when this interaction occurs, we have probed the determinants of recognition within single-stranded RNA. We have found that Nup153 RBD binding is dependent on specific nucleotide distribution and arrangement. Although the requirements for binding are sequence based, the recognition motif requirements appear to be loose enough to be present in a large population of mRNA.
Experimental Procedures

Transcription
Templates and In Vitro Transcription. For transcription of the RNA ladder, pBluescript-SK + (Stratagene) was used as a template to generate seven PCR products differing in length by 100 nucleotides each. All oligonucleotides are listed in Supplementary Table  S1 . The forward primer, fLadder, hybridizes upstream of the T7 promoter and was combined with one of seven reverse primers (r100-r700) downstream of the T7 promoter. The actual length of these transcripts is two nucleotides greater due to two guanosines encoded by the T7 promoter; for simplicity in nomenclature we did not include this in our numbering. pBluescript was also used to PCR amplify a template for transcription of 100-AU. Since the sequence was not adjacent to a transcriptional promoter, the T7 promoter was included in the forward primer (f100-AU). Templates were transcribed in vitro with the Maxiscript kit (Ambion) using T7 Polymerase. RNA was radiolabeled with α-32 P-UTP (800 Ci/mmole-Perkin Elmer) during transcription. In the case of RNase H digestions, the 100-mer and 200-mer ladder transcripts were synthesized as above except MegaScript T7 Polymerase (Ambion) was used to increase the RNA yield during transcription.
DHFR fragments were generated similarly, using PCR to create a short template and MegaScript T7 polymerase to transcribe. o C for 1 hour. The reaction was stopped by the addition of 1μl 0.5M EDTA, pH 8.0 (25) . Recombinant protein expression. The constructs for 6His-RBD and -GFP proteins, as well as their purification, was as previously described (23, 24) . A construct encoding 6His-GFP-hnRNPA1 was a kind gift of Matthew Michael (Harvard University).
A GST-RBD-6His construct was made using PCR to introduce a 6-His tag at the Cterminal end of a GST-RBD (amino acids 260-410 of Xenopus Nup153) fusion protein in a pGEX4T backbone vector. This protein was purified following standard native preparation procedures and imidazole elution. The 6His-Nup153-NZ construct and its purification were previously described [construct 3 (26) ]. RNA pull-down procedure.
RNA pull-down assays were performed as previously described (24) . Briefly, recombinant protein (~250ng) was bound to anti-T7 antibody immobilized on agarose beads (Novagen) in binding buffer (100mM KCl, 25mM HEPES, 0.5% Triton X-100, 10mg/ml bovine albumin). In some assays, this step was done the day before the RNA binding itself. In this case, the charged beads were stored overnight in binding buffer at 4 o C. Labeled RNA was added to the beads in the presence of binding buffer, 3mg/ml heparin (Calbiochem) and 40 units RNAse Out (Invitrogen).
After incubation for 5-60 minutes at room temperature, the beads were washed three times in wash buffer (200mM KCl, 25mM HEPES, 0.5% Triton X-100) and divided equally into two reactions for either RNA or protein analysis. Protein recovery was monitored by immunoblot with anti-T7 antibody. RNA was isolated from the remainder of the pellet and electrophoresed on 6% or 10% denaturing acrylamide gels. Gel mobility shift assay. End-labeled RNA was mixed with binding buffer containing 100mM KCl, 25 mM HEPES, 0.5 % Triton X 100, 0.5 mg/ml bovine albumin, 2 mg/ml Heparin, 7.5 % glycerol, 1x Complete protease inhibitor (Calbiochem), and 120 units RNAse Out (Invitrogen). Recombinant proteins (~200 ng) were then added and incubated 1 hour on ice. Samples were electrophoresed at 4º C on a pre-run 6% native acrylamide gel (½X TBE, 2.5% glycerol, 37.5:1 acrylamide:bisacrylamide) for 2 hours at 300 volts.
RESULTS
The RBD Associates with a Broad Range of RNA Sizes. We previously observed a trend in which shorter RNAs (100-200 nucleotides) did not bind predictably to the Nup153 RBD as did longer RNAs (300-800 nucleotides) (24) . To examine the influence of length more systematically, we generated a ladder of RNAs. Since we had found that the Nup153 RBD recognizes a wide range of single-stranded RNAs, we chose to derive the RNA ladder from plasmid sequence. A panel of seven transcripts was generated (100-700 nucleotides) and tested for binding to recombinant Nup153 RBD. Following immobilization of RBD and GFP proteins, the radioactively-labeled RNAs were mixed and incubated with each protein in the presence of heparin sulfate. Samples were washed and the beads were divided in order to analyze both protein recovery and bound RNA. The experiment was done in triplicate, with similar results in each case (a representative sample is shown in Fig. 1A and all three are quantified in Fig. 1B ). Recovery of GFP and RBD proteins was relatively equivalent, as assessed by immunoblot detection of a T7 epitope ( Figure 1A , lower panel). All RNAs, from 100 nucleotides to 700 nucleotides, bound to recombinant RBD ( Fig 1A,  lane 3 ), but not GFP (Fig 1, lane 4) . While the larger RNAs are greater in intensity due to more labeled nucleotide per transcript, when binding is considered quantitatively, the recovery of each individual RNA does not correlate with its length (Fig. 1B) . The relatively poor recovery of the 200-and 300-mer suggests that certain sequences may have a negative effect on Nup153 RBD binding. Most importantly with regard to the question at hand, these results indicated that there is not an intrinsic cut-off to recognition at 100-200 nucleotides.
The RBD Associates with GC-rich RNA. The observation that the RBD can bind the 100-mer ladder transcript gave us an opportunity to dissect binding requirements. When we examined this particular RNA for salient features that might be important to recognition, we noted a bias in guanosine and cytidine content (19% A, 20% U, 30% C, 31% G). To test whether the nucleotide distribution is important for recognition by the Nup153 RBD, we generated an independent 100-mer transcript that had an AU vs. a GC bias. When the 100-AU (26% A, 32%, U, 22% C, 20% G) was tested alongside the 100-mer ladder transcript, there was a clear difference in RBD binding ability.
Again, GFP and RBD recombinant proteins were immobilized on agarose beads and then incubated with transcripts. Following the washing steps, RNA that remained bound was analyzed. The 100-mer ladder transcript associated with the RBD (Fig 1C, lane  1) more robustly than did 100-AU (Fig 1C, lane  3) , especially considering there was more 100-AU in the input (lane 6) than 100-mer ladder transcript (lane 5). This demonstrates that the RBD is indeed selective in its recognition and shows a binding preference for RNA targets enriched in guanosine and cytidine.
The RBD of Nup153 associates with defined regions within 100-mer ladder transcript. To further dissect the determinants of RBD association, we fragmented the 100-mer and 200-mer ladder transcripts with oligonucleotidedirected RNase H digestion.
These defined regions were then incubated with immobilized RBD and GFP to further delineate the recognition basis for preferred RNA substrates. A wide range of fragment sizes was generated in separate reactions (see Supplementary Table S2 and Fig.  2A ) and are depicted together in a panel (Fig. 2B) . These fragments do not always run as tight bands, likely due to some imprecision in the exact nucleotides digested by RNase H at each end. Comparison of binding among these fragments definitively uncoupled length from RNA binding ability (Fig. 2B, lane 1) . Certain sequences, even though longer, lacked binding activity (for example, Fig. 2B, 106-200) . Rather, the ability to associate with the RBD clearly mapped to a particular region within the 100-mer ladder transcript, with a 38-mer corresponding to the 3' end of this 100-mer being the shortest fragment with robust recognition (Fig. 2, lane 1 , 63-100 fragment, for simplicity we will refer to this minimal fragment as B38, for Binding 38-mer).
This analysis did not support the idea that nucleotide distribution alone is sufficient to create a RBD recognition motif. Specifically, although B38, the 38-mer mentioned above, did have a bias towards GC content (16%A, 16%U, 34%C, 34%G), fragments that did not bind well had a similar profile. For example, 1-46 (Fig. 2) is 19%A, 17%U, 29%C, 35%G and the 85-122 (Fig.  3 ) fragment is 13%A, 21%U, 34%C, 32%G. Thus, Nup153 RBD recognition cannot be accounted for by either length or absolute GC content. Therefore, despite the general nature of this interaction, there appears to be a sequence component that contributes to RNA recognition by Nup153.
We noted that a stretch of five guanosines was present in the minimal binding fragment (B38, see Table I and indicated by hatch marks in Fig.  3 ). Given that Nup153 had been previously found to bind to poly(G) (8, 23) , this clustering was a candidate for being a core motif in RBD recognition. Indeed, when a 38-mer with a similar GC content but lacking the G cluster was tested, it did not have binding activity (Fig. 3B, lane 1, 85-122) . Similarly, when the minimal 38-mer was truncated at the 5' end such that this G-cluster was absent, binding ability was significantly decreased (Fig. 3B, lane 1, 74-100 ). However, we also truncated the minimal 38-mer from the 3' end by 9 nucleotides and found that, although the G-cluster was intact in this fragment, it was not sufficient for binding (Fig. 3B, lane 1, 63-91 ). Since we could not distinguish whether the decrease in binding in the latter two cases was due to falling below a length threshold or missing particular sequence determinants, we tested other fragments that were 38 nucleotides or longer and contained the Gcluster, but not the entire minimal 38-mer. These, too, did not bind well to the RBD (Fig. 3B , lane 1, 36-85 and 48-85). These binding patterns indicate that although G-clustering may contribute to RNA recognition by the Nup153 RBD, it is not sufficient for robust binding and, therefore, additional features within the minimal B38 binding fragment are likely key to recognition. Retention of Nup153 on a poly(G) matrix may be due to the presence of multiple low affinity sites. Consistent with this, we found that a 31 nucleotide RNA oligonucleotide with two stretches of five guanosines could bind to the RBD above background, but very weakly compared to the B38 RNA (data not shown).
Sequence requirements in Nup153 recognition. To assess how the RNA binding domain within Nup153 preferentially associates with B38, we designed a series of synthetic RNA oligos and subjected these to a binding analysis. In each case, the oligos were gel purified, end-labeled, and incubated with immobilized RBD. Consistent with the information derived from 100-mer ladder fragments, we found that if the distribution of guanosine within this 38-mer -including the 5G cluster-was maintained within an altered backbone, the resulting RNA was not recovered with the RBD in a pull-down assay (Figure 4 , 1G5, lane 3). Along the same lines, distributing guanosines into clusters of 2 or 3 also resulted in little to no binding to the Nup153 RBD in this assay (Figure 4, 2-3G, lane 3) . Likewise, a simple repetitive sequence of AUCG was unable to associate with the RBD (Figure 4, AUCG, lane 3) . In contrast, a 38-mer in which the cytidineguanosine clustering matched the pattern with B38 bound with equivalent efficiency as B38 (Figure 4 , G5GC, lane 3). The major difference between G5GC, which has binding activity, and 1G5, which does not have binding activity, is the distribution of cytidine content within a similar framework anchored by G-rich regions. Thus, Nup153 RNA recognition appears to involve motifs that are particular arrangements of both guanosine and cytidine.
Comparison with another mRNA binding protein, hnRNP A1. Two important questions raised by the results of this binding analysis are 1) do the RNAs that bind preferentially to the Nup153 RBD reflect RNA targets that are generally recognized by ssRNA-binding proteins? And 2) how does the binding ability of Nup153 compare to wellcharacterized mRNA-associated proteins?
To address these two questions, we compared RNA binding by hnRNP A1 to the Nup153 RBD. hnRNP A1 associates with mRNA from an early point in its biogenesis (27) and has wellcharacterized RNA binding ability, which is attributed to two tandem RNA recognition motifs (RRMs). An electrophoretic mobility shift assay was used to monitor association between hnRNP A1 and various RNAs. The Nup153 binder, B38, (Figs. 2-4 and Fig. 5, lane 3) , was similarly able to associate with hnRNP A1 (Fig. 5, lane 2) . The specificity of the RNA-protein interaction is underscored by the lack of gel shift with either a recombinant protein derived from an adjacent region of Nup153 (designated NZ and containing amino acids 436-717 of xNup153; Fig. 5, lane 4) or with GST itself (lane 5).
Despite overlap in RNA recognition by Nup153 RBD and hnRNP A1, clear distinctions between the two were also apparent. For instance, the oligonucleotide G5GC, which preserves the GC distribution of B38 in an altered backbone and remains able to associate with the Nup153 RBD, was not recognized by hnRNPA1 (Fig. 5, lane 7) . And 2-3G, in which the guanosine content of B38 has been spread through-out the 38mer in short clusters, is targeted by hnRNP A1 although it has lost the ability to interact with Nup153. Likewise, an optimal hnRNP A1 target, previously identified in SELEX experiments (28), does not interact with the Nup153 RBD ( Figure 5, lane 18) although it interacts as expected with hnRNP A1 (lane 17). Thus, the Nup153 RBD has a preference for particular sequences and its binding activity is distinctive from another ssRNA binding protein.
Further, this comparative gel shift analysis indicates that the RBD found within the nucleoporin Nup153 interacts with RNA within the same range of affinity as hnRNP A1.
Recognition of cellular RNA targets. Our results suggest that although the Nup153 RBD can interact with several mRNAs tested in an in vitro binding assay (24) , this apparent general affinity for mRNA is likely mediated by specific interactions with particular sequences that are represented within mRNA.
To test this hypothesis, we analyzed the interaction between the Nup153 RBD and DHFR mRNA, an RNA previously shown to be recognized by Nup153 (24) . To determine whether the Nup153 RBD associates with particular sequences within DHFR mRNA, we took the proximal third of the DHFR open reading frame and sub-divided it into four fragments of about 60 nucleotides each (Table I ). These RNA fragments were then tested for their ability to associate with the Nup153 RBD in a pull-down assay. Only one of the four sub-regions of DHFR RNA interacted robustly with the Nup153 RBD (Fig. 6, lane 3, lower panel) . This result supports the notion that direct contact between Nup153 and mRNA is dictated by recognition of motifs that are present at some frequency within an mRNA. It is important to note, however, that although there is a sequence component to this interaction, the evidence indicates that such motifs are present relatively frequently in RNA. Specifically, the Nup153 RBD was previously found to associate with eight mRNAs that were randomly selected (24) and, in the present analysis, we found that Nup153 can interact additionally with regions of DHFR outside of the binding sequence identified in the first 230 nucleotides (data not shown). Thus, there are likely to be relatively loose requirements in what constitutes a Nup153 recognition motif. Consistent with this, there is no clear alignment between the DHFR fragment that binds the Nup153 RBD and the synthetic oligos that were used to delineate parameters of recognition (see Table I ).
DISCUSSION
In our previous characterization of the Nup153 RNA binding domain, we observed that this pore protein associates preferentially with a population of RNA, namely mRNA, that is predicted to be relatively unstructured (24) .
Here, we have determined that the molecular basis for recognition of RNA, is in fact a sequence preference. Our results point toward there being only loose constraints on motifs recognized by Nup153, consistent with the observation that many mRNAs can be recognized by Nup153. Absolute affinity as well as the specific context of these sites is likely to have important influences that remain to be elucidated. Indeed, although binding sequences may be prevalent within RNA -even other than mRNA, recognition by Nup153 is likely to be constrained by secondary structure of RNA, which we have found is generally a poor target for recognition (24) . The exact nature of motifs recognized by Nup153 have yet to be fully elucidated (see below), and it remains formally possible that the sequence biases which we have observed reflect a particular local secondary structure that is in fact recognized by Nup153. Putting various binding and non-binding sequences through structural predictions programs, however, does not provide any correlation with a structure or folding energy, leading us to postulate that the primary sequence, and its accessibility based on context, is the feature that directs contact between Nup153 and RNA.
This new information about a novel RNA binding domain within the vertebrate pore protein Nup153 will be an important consideration when deciphering how RNA cargo moves to and through the nuclear pore complex. It has been appreciated for several years that different classes of RNAs have different requirements for nucleocytoplasmic trafficking (29, 30) . This has largely been attributed to different sets of soluble factors recognizing and ferrying RNA cargo through the pore. Our new results suggest that particular regions within mRNA may make direct contact with the pore protein Nup153, in conjunction with contacts mediated by mRNA adaptor/receptor proteins. Such a multifaceted interface would further distinguish mRNA cargo from other classes of RNA cargo.
The search for an "mRNA identity element", in fact, has led to the conclusion that unstructured RNA over a particular length threshold, roughly defined around 300 nucleotides, is sufficient to direct an RNA to an mRNA export path (31) (32) (33) (34) .
The nature of this length requirement has not been addressed as yet, but may reflect, at least in part, a requirement for sequence that mediates contact with Nup153. Alternatively, rather than being a core element of mRNA export, contact between motifs within mRNA and Nup153 could aide in discriminating among cargo and influence downstream mRNA fates. With information in hand from this current study, it should now be possible to test these and other models.
The results presented here suggest that approaches such as SELEX will be promising avenues to pursue, both to gain a better understanding of the range of possible Nup153 recognition motifs and in order to identify short RNAs with super-physiological affinity. Such high affinity sequences could then be introduced into cells to specifically block the interface between Nup153 and endogenous RNAs, allowing a functional dissection of how this contact impacts the fate of mRNA. A large collection of SELEXgenerated sequence information may also make it possible to take a bioinformatics approach to classifying cellular transcripts for their ability to bind Nup153 and to correlate this information with functional differences in RNA subsets.
An emerging theme in nuclear organization is the physical proximity of pore proteins and active chromosomal regions (35) (36) (37) (38) (39) . These intimate connections, as well as other welldocumented links between various steps in RNA biogenesis (40, 41) , suggest that pore proteins may be involved from an early point in RNA production. Thus, rather than envisioning a fullypackaged mRNP encountering pore proteins only at the time of translocation through the NPC, we must consider the role of pore proteins during transcription, processing, and transit to the pore (42) . This is further underscored in the case of Nup153 by the transcription-dependence of its dynamics at the pore (22) . The finding reported here that Nup153 has an inherent ability to distinguish among RNAs creates a new inroad into elucidating the role of the pore and how individual pore components contribute selectivity to pore function. 1 The abbreviations used are: GFP, green fluorescent protein; NPC, nuclear pore complex; RBD, RNA binding domain; PCR, polymerase chain reaction; SELEX, systematic evolution of ligands by exponential enrichment, DHFR, dihydrofolate reductase FIGURE LEGENDS Figure 1 . The Nup153 RNA binding domain binds to short RNAs with a nucleotide content biased toward GC. A) Recombinant T7-tagged RBD or GFP was immobilized with anti-T7 antibody conjugated to agarose beads. These beads were then incubated with a ladder of radiolabeled RNAs and, following washing steps, the beads were divided in two and analyzed for protein and RNA recovery. 50% of the pellet material was electrophoresed on an SDS polyacrylamide gel and subjected to immunoblot detection with anti-T7 antibody (lower panel). RNA was isolated from the other half of the pellet and run on a 6% denaturing polyacrylamide gel (upper panel, lanes 3 and 4), along with 2% of each binding reaction supernatant (lanes 1 and 2) and 2% of the input material (lane 5). B) RNA recovery in three separate reactions was quantitated by phosphorimager analysis and the relative binding of each fragment is graphed. For each pellet, the ratio of the fragments in the pellet was calculated relative to the 100-mer. The same calculation was made for the input. The ratios in the pellet were then compared to input ratios. C) Either the 100-mer ladder transcript or a 100-mer that was chosen for its enrichment in AU (100-AU) content were tested for binding as described in A. RBD (R) and GFP (G) pellets are shown in lanes 1-4, with RNA recovery in the upper panel and protein recovery in the lower panels. The RNA input (2%) is in lanes 5 and 6. The * indicates breakdown products from DHFR RNA (not shown) that had been included in the reaction. Table S2 for details. B) Binding of these particular sequences was tested as in Figure 1A Table II ). A cluster of 5 guanosines is indicated by hatch marks. B) Binding of these particular sequences was tested as in Figure  1A Table S1 . DNA oligonucleotides used in this study.
Ladder fLadder 5'-CGCCAGGGTTTTCCCAGTCAC-3' r100 5'-GGCGGCCGCTCTAGAACTAG-3' r200 5'-CGGATAACAATTTCACACAG-3' r300 5'-GCGGGCAGTGAGCGCAACGC-3' r400 5'-CGAGGAAGCGGAAGAGCGCC-3' r500 5'-CCTGCGTTATCCCCTGATTC-3' r600 5'-CGATTTTTGTGATGCTCGTC-3' r700 5'-CGGCAGGGTCGGAACAGGAG-3' 
100-AU
